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OSK of the mosi inlerestiiig, and [m^.M)i[>' utic of 
ttie must sij'i)ilit:ant, i»f liic [losi-war U'lltnkal 
ilcvi'lnpmi-nt^ is the grcal tfftfri ih;ii is < urrt-ntiy tifinj! 
fx]K*iirii'il, hoih htTC ami ubroafi, uu the fit'sign, toii- 
strwliun, aiui improveminit of high s|h'i-«1 aittmuiitit 
itigititl com] 'u ting nnuhincs. In atfordaiK*' with the 
prusfiil jwtlfra «>f siippijrt Un tt-dinital en ti-q irises, 
the hirfjest pan uf the ptTorl «m surh tttnijuiliTs ia U-mg 
luiume*! U\ thr feticral p>verninent , private imlustry 
IS iiivesling suhslaiitidl sums; an<t, soinevvliai iiiriuuhly, 
the universities of the country do not iip|x>ar lo Ijc su;>- 
[Mirling with their own rcsounes more than a lirty 
fnictiiin of the work 

Mechanical aids to < orrifmlatioii are an itid story, of 
(ourse. liui the higli spee<l, aiitomatir, digital, i.om- 
putcr — when each tt( these qualifying adjectives is 
taken pnii>erty into atcouni - is a very new di-velop- 
ment. Its ])raitical reali/;ition lannot lie s-iid to have 
tteen achieved earlier than the lomplelion of the lele- 
braled KNIAC in l'J-15, Of this machine we shall have 
more to wiy later, IjcI us jkiu.sc now to distinguish from 
other Computing devices the tyjM' of niachine thai will 
cKfupy our attention here. 

First of all, we shall deal with di^Ual mat.hiucs. This 
excludes a large class of calculating devices custom- 
arily lumped' under the name of unuh^ machines,' An 
analog machine is one which translates into some 
physical tjujintiiy each of the numl>ers entering a com- 
putation ; that is, the physical rjuanlity is the measure 
of the number. The analog machine then manipu- 
lates these physical quantities in accordance with the 
nature of the computation it is desire<l lo carry out. 

' Vtit a descrijtiiiin <i[ inalitK ciim|iiiiiT* ami ihcir un;», see 
K Hartrer. CaJiuliitinf !n<ttumfnti <ind Uitthinn ^I'ntvcrsilv 
o( Illinois I'rcss. Irl.,ina. I'Wi. < h.ti'f'T- i. ', a^nl -» 



h'inally, llie physical quantity resulting from such 
manipulation is measureit that is, turniil b.kck into a 
numlier to obtain the numerical answer for the com- 
pulation. .\ sliile-rule is an analog niachim' .Vumbers 
are representeil. on the sliiie-rule, by lengths whii li are 
proiHirliimal to the li^arithms of such numl)crs. To 
|t(-rforiii a multiplication, the lengths corresponding tii 
the two factors are addeil, and the resulling trjial 
length corresponds to the (jriMlucl. In-ing in fact pro- 
portional to the logarithm of the priMluct. Thi^i total 
lenglli is turnc'l Xank into a numfjcr by means uf the 
scales provided on the rule, and the calcukttnn is 
tinished. 

.\ digital machine also uses physical representations 
for numliers, of course; but instead of using a single 
physical quantity as the rnlnr representation of the 
numWr, and thus dc]H-nding upon a highly accurate 
presentation, manipulation, and repr<«iuction of ihe 
n^agnitude of this single physiiai quantity, a digital 
machine represents by a st'iKirate physical quantity 
each .separate digit of a numl)er. This [icniiits a very 
much greater iatiluile in design for the digital machine, 
to handle numlRTs of ten digits, no part of a digital 
m,ichine netnls to Ik- built with a precision of one jiart 
in It)'" ,\ti analog machine, on the other hand, has 
no Ijetter i>ver-all accuracy than that conferred on it by 
the precision with which it is built. 

Analog m-ichines have l»eeti brought to a high 
stage of jierfeciion and usefulness. Heginning alxiut 
I'J.U, Vanncvar Bush and his co-workers at M.l.T, 
devclo|K.'d the celebrated differential analyser, which 
was a mechanical ilevice in its first emUidimcnl- During 
and since the war, electrical differential analy,^ers of 
various designs have Ijeen constructed, and some of 
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tiifst- ^>;n!l^m•^ .irf i urn-titly available nn the loinmcr- 
11. il niiirkt-i. \\V sli.iU mil rmut'm «»urs<.'lve!i here, hi>v- 
i'vcr, wiih Muli inailiinL'S. VW sfi;ill sjit'.ik iinl\ <if 
ilinHitt Mini) inters. 

Ill in.ll, vvt* shall siH-ak only cif autnrrtatit (ligita! ttim- 
(lutcrs. riic iiicaning of this (jualirkatiim is that we shall 
i)nl ileal wiili iligital machines of ihe b*irt reiircsented 
1(\ the familiar ad'ting niaihitie, or the Monroe nr 
M.inlianl tyji' of desk ealrulatDr. Such maihines are 
very old in coneeinion ami in reati/.;iiioti. of rourse.- 
The first pratlual adding niathitie based on the use of 
imndier wheels was devi.sed by lilaise Pascal in IMl. 
A inai hint' lagi^dite of multi[ilieation (by rqx^ated addi- 
tion ae( (mi|ianied by suii.dile sjiittsi was desij;ne«l by 
Leibnii;; in Ui7l anil built in 1694. In INiO Charles 
Thomas, a Frenchman, designetl I he first commercially 
succes.s(ul machine, wilh minor rVKMlifuatioiis and im- 
]»riivcmeiits. itiis machine was beinn built in Taris 
rijjltl tip to the Second World War. 

We shall not even tuniern ourselves here with the 
f.imiliar jiunched-card machines maimfacturtHi by ihe 
Inlernatumal ltusine<is Machines Compaiiy. 'I'hese ma- 
t liines siem from the work t>f Herman Hollerith, an 
employee of the l' S. Census Bureau, who in 188'* lon- 
ccivcd the idea of using, for entering numViers into a 
nuirhiiie and for reading out the results, holes punched 
in a card. ,\ similar s( heme had long been usetj for con- 
trol liiij; ttie weaving of complicaled fabrics on the 
Jai (luard liKnn, and its ap|>lieation to computing 
machines had Ijeen proiH»sc(i two generations earlier 
by Charles Babbage, of whom we say more later. 

Dfsk calculators and IBM machines are excluded 
Iff mi the present discussion because such a machine 
[HTlorms only one clemenlury computati<in at a time, 
and must tie instructed anew l>cfore it can perform 
another. That Is, we can enter on a desk machine the 
Itto fattors entering a multiplication, and then rely 
on the macfiine to larry out the ojteration and display 
to us flie product. But, Ixifore another mullijilication — 
or in'liH*d any other ojHTation - is ()erfornied, we must 
ourst-lvcs inform the machine whal numbers enter the 
new (omputaiion, and vthi(h operation is in be jier- 
(ormed on these numl«>rs. 

In an automatic maihine, on the other hand, sulli- 
t lent instructions are given the machine at the begin 
nmg, and tlie maihine has sullicicnt lapabilities within 
itself, to permit the whole of a crmiplicaled se(|uence of 
miuiipulations on many numbers t«> he performed by 
the maihine without human intervention, once the 
Aignal to .start lias I teen given. Thus an autoniatii 
ina«'hine is Itasically different from a desk calcuialor; il 
IS more nearly a mechani/.ed simulacrum of the whttte 
lomplex: human computer plus desk niaihmc plu> 
tiihics of functions for reference jilus work sheet on 



' I'lira hmortcalacidunt iif llu'iltvcldpnmii •<! ■K'sk cumjmlint: 
mitc hinc*. see- Ihv ailirli- ■( 'atiulating piiai tiitii'^"' in thv Kn 
tyiMiJifaiM /<f J{.< HM 11 it 



which the course of the computaliun is sketched tn 
and Intermediate results can lie recorded. The idea I 

such an automatic machine is more I ban a century o 
Charles Babbage, who was I.ucasian Professor of Mat! 
matics at Cambridge, conceived such a device — t 
Analytical Kngiiie and began to build it (on Briti 
government money) in lH,t5.' The .Analytic al Engi 
was never completeil, Ltrgely because the niechanit 
engineering of Babbage s day was not equal to Ihe la 
of realizing his tomplicated designs, but its plan w 
astonishingly mixlern in terms of the ideas which si 
rule the automatic comjiuier field lixJay. 

One more qualifier is left. We shall sf>eak here 
high spefd automatic digital computers, tjirlier th. 
the KNIAC, at least two tyt»es of automatic *iigil 
computers were designed and built. Professor Howa 
Aiken, of Harvard, Imitl with the help uf the IB 
Company his so-i ailed Mark 1 machine which was ; 
electrically conlrolleil, mechanically ojH'raled, aut 
malic computer that was hailed as "Babbage 's drea 
(lime true."' Atwut the same lime, at Bell Telephoi 
Laiii»ratories, a mai hine was built which qualified as, 
aniomatic digital computer anording to the [irese 
detiniiions, and used electromechanical relays as el 
mentary computing and storage elements.* Both the 
machines were of limited sjH'cd because cif their d 
jiendence on mechanical elements whose motion w 
necessarily sbw in comj^arison with the at lions 
cUxtrical circuits. In the KNTAC,* on Ihe other han 
the ojierations within the machine arc conducted e 
tirety in terms of the circubtion through cfei iriral liti 
of electrical pulses, generated at a base rate of !U),(* 
I>er second, and iti terms of the registration of i 
effects uf such pulses by means i>f electronic "tBp-llo. 
circuits which can rest siably in either o( Iwa stalinn^i 
slates, yet l»e transferred (nmi cine slate lo the oti 
in a fraction of a mit roseiond liy a pulse of the corn 
sign- 

The lime rec]uired in the KNIAC to add togelher i 
numbers, each of teti tfecimal digits, is JIHI micros* 
onds-~20(l millionlhs of a seiond. In terms of the tin 
reijuireil by machines now under construction, thi- 
long, addition limes of aljout 1(1 miirt)seromis 
common in nuMtern designs. But. in terms of iheojif 
tion of machines having meihanica! elements, iht" 
very fas I indeeil. 

In the remarks to follow, iheii, whenever the «> 
"machine" is useii, il will be understood to refer t< 
high s|H'ed automatic digital lonipuling inaihinc I 
us now turn lo .some general consideraiinii-- on thi- 1,\ 
all dc-sign of such machines. 



I H. [' Hal'liiiKC Hiilihtnf' i {.iiieuiiiUHK KniiMn <S|h«i. 1 
Uiililnn, 1>WI' 

' tnn.j/.i i<f Ihf ll\n<t'd i'limpulitlum Iji^vjliiry iHnrvattl ' 
vtTsilv 1'rrs.t, I. nniliriitKc, \'H(iK Vul f 

'S'H Williums. H.-I1 l.,(l. Krcor.l 25, 4U (t'Jj: 

* H. II <i'>1>l>lin«- and .\ (inMstinr, .M.tlh InMi' .it>i (i 
(■..m|iuiati..ii,3.'»7 fl'Mfi'. I>. K lljurii-. Natuii' 158. «KI !'• 
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GENERAL REMARKS ON MACHINE DESIGN 

Wliilf anv j!,Wvi\ machine must, lie (k-sigiicd :is a 
whole, it is often useful ti> distinguish as sepiirate vari- 
ous parts of the machine which huvc various functions. 
The more important of such parts art: 

First, the arilhmflii unit. This device performs the 
individiiai arithmcli.a! ojjeralioiis as required by the 
stliedule of the cominitation iK-ing conducted. It is a 
very close ^lecrnmir parallel to the familiar desk com- 
puting machine. 

Second, the inntr or hif,tf Speed fnemnry miil. This, 
which is iiresently ihe least satisfactory part of ma- 
chines in existence or under design, is a device for 
resist ering numbers in a jiermanent way— either the 
nmnbcrs entering t!if [irobleni or intermediate results— 
and keeping tliem ac( fssjble for use on demand as the 
computation proceeds \ny number in the memory 
must be availafile on tU-mand in a very few microsec- 
imds. The memory is ordinarily so arranged that it ran 
also store ordns, which are instructi«ns to the machine 
that govern the course of the computation. 

Third, the ronlntl unit. This part of the machine is in 
iharge of the whole ojwration. It keeps track of the 
calculatiiiu, determines which individual operation 
should l)e i^Tf.itmcd next, and causes its execution. 

Finally, an j«/>« a. put unit. This is necessary to 
enable the machine to communicate with its human 
masters. Through this unit, the machine is supplied 
initially with the *lata and instructions entering the 
ttrnblenr, through this unit, the machine can also read 
,„tt intermediate or linal results. Often, the input - 
outinil unit is used to provide a large-caiwcity low sjH>ed 
'ii.ragc (on magnetic wire or punche<l type) for num- 
licrs An<\ orders. 'I lu's outer memory supplements the 
iiuier memory, since the latter is seldom as capacious 
as one would desire. 

When a mathematical tjrol>lem is to be prescnlecl to 
such a machine, it must l>e t'rogrammed , that is, 
broken down int.. (he indivi<lual steps to be performed 
successively. Tbt numbers entering the pn.hlem must 
l»e supplied, ami ><• nui.-^t the tmiers, or instructions to 
the mathine for handling those numliers. The input 
unit reads ihe proRram of numljers ancl orders into 
the niemor> unit of ihe machine at the l>eginnin«, and 
the work ihereafiiT pnK:i^ds entirety within (be 
machine. 

.A typical .rdei might be translated: "Take the num- 
IxT in slitri-d in menu>ry location IKKt and multiply it 
by the tnimber btored in memory location JDlo Tut 
the prixiucl in memory ItKation 12.?4 (erasing what 
stands there now) am! then go to memory hKiation Ufil 
tor the next order." Orders are expressed in a code 
which gives them the api>ea ranee of numbers, so far 
,is the machine is concerned, 'I'his has two advantages: 
each menuiry k«ation can store either a number or an 
■ trder. indifferently, and aritlimetical o[)era lions can he 
performed oil the pseudotmmbers wliicli are orders, 
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thus changing one rrrder into another when this is re 
quired as the computation progresses. 

The example of an order just given calls for a multi- 
plication. Similar orders govern addition, subtraction, 
multiplication, and somet imes certain other arithmetical 
ojjerations. Another type of order, vvhose use Rreatls 
extends the scope of the machine, is llie so-called 
"conditianai transfer' order. This provides the machine 
with a sort of juclgment, and enables the furtiier cours<' 
of a computation to be determined fiv the resulis ti> 
<late, without the explicit intervention of a human 
operator. \ t>pical conditional transfer order imghi 
say: "Compare the result of the last manipulation witti 
the numl)er stored in memory location 1648; if it i^ 
larger than that number, or equal to il, go to mcmor> 
location 1174 for the next order: otherwise, go to 
memory location II7() for the next order." Such de- 
cisions are a prominent feature of the control of a com 
plicated calculation by a human comjiuler using con- 
ventional meihfxls. 

.\'uml)ers are retm-senieii within the machine by 
groups of non-linear elements each *»f which has twti 
stable states: on or (jfT. For electronic machines of the 
present day, the non-linear elements are onlinarily the 
so-called "llip-do[»" circuits derivc-<l from the multi- 
vibrator in%'enteil in V)V> by Eccles and Jordan.' Twn 
tul>es are so coupled, in a dip-tlop circuit, that when one 
tulje is <onilucting, the grid of tile other tulie is biaseil 
far beyomi cut -off If a sign,il is received in such a sensi- 
as to swing jH>siiive the grid of the cut-off lube, then 
the current in this tulte rises and at the same time the 
grid of the other tube is driven negative. In a fraction 
of a microsecond, this action culminates in a sta bit- 
situation in whicli the tube that was formerly cut nlT 
is carrying full current, while the grid of the tulie that 
was formerly conducting is biaserl far lieyond cui-olT 
Thus the system has two distinguishable stable states, 
and can by a pulse be transferred from one of thcM' 
states to the other. 

The llip-tlop is not the only device whiiii realize^ 
practically this recjuirement of having two stable state- 
which we may call on or otT. We shall see laier thai 
there are other, and sometimes simpler ;uiil ihea]M.'r, 
ways of achieving this end, lndee<l, it is in this direction 
ihat we can e-vi^n t much of the short-term progress in 
computing-m;ichine design to lie. 

^ince numbers are represi'iited by a succession of 
elements which are either on or olT, it seems natural to 
exjjress numbers, for the puq)oses of the machine, m 
terms of the miml>er system based on 2, rather than in 
the familiar decimal system based on If J. In ihe binar> 
system -the tiase-J system -each digit of a numljer 
has either the value t) or I, and the digits a]>|«'aring in 
neightwring places with reference to the bhiary point 
(.analogous to the decimal [Hjint in the ba.se- Hi .system 
differ in value bv a factor i, rather than by a factor Id 
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IS they do in t!ie decimal system. Eatli nuinlx'r is then 
rc]»n'S('ntc(i most economically, by a vrics of on-nfT 
elements, nnc for each digit of the number. TKe repre- 
sentation of decirnal nund)ers in terms of on-ofT ele- 
ments is somewhat less economical, since it recjuires 
the use, to represent each digit, of a collection of on-off 
elements so arranged that the collection has ten rlis- 
tinguishahle stable slates. These ten stales are then 
used lo represent the values, from (t to 4, which the 
di((it can assume. 

Most of (lie machines jiresently under construction 
u^ie the binary system for internal puqwses; this 
necessitates a trajisformation of numbers from decimal 
reprcscntaliitn lo binary representation at the start 
and the end of each calculation, but the machine itself 
can |>cTform this transformation, and the time required 
for this conversion is small in comparison lo the time 
needetl for the internal manipulations of numbers by 
a machine <!uring the solution of a problem. 

There is one other argument for the use of ihe binary 
system, liinary arithmetic is the arithmetic of logic, 
in a universe where a profX)sition is either true (one) or 
false (zero). The machine can, then, if it uses the 
binarv reiircseiitation of numbers, conduct its logical 
operations in the siime formal terms as are used for its 
arithmetical manipulations. 

Let us now i>ause for a moment to discuss what is 
called "Ijalance" in the design of a computing machine. 
This term refers to the simple idea that the most etTi- 
t lent opcrali<jn will la- achieved when the limes re- 
(juired to j>erfnrm ihe various oi)era lions conducted 
by the machines are related to one another in a reason- 
able way. To take an absurd example, ihe requirement 
that the machine Ix.- able to perform whole sequences of 
I (imputations automatically arises from its internal 
s(>ee<l. There would be no sense in performing an addi- 
liori in. 20() microseconds (as the KNT.\C docs) or in 
111 microseconds (as some of the new machines will do), 
if a slow-moving human o(x:ralor had, at each stage, 
to copy oft the result and then to enter the next two 
numliers to lie summed, 

.'\t a more sophisticated level, we must consider the 
balance of ojHTating times within the machine. This re- 
quires a careful weighing of the relative times required 
for access to the high s[ieed memory, for addition, for 
transfer of a numlxr from one place to another in the 
machine, and for the rej>ealed oix-rations involved in 
multiplication and division. To a certain extent, de- 
cisions on the balance of internal o5>eraling times will 
1«: marie on the basis of tlie ly]x; of problem for which 
the machine will mainly be used; thus, for example, a 
machine whose main task was to be addition or com- 
parison t)f numbers would desirably have a different 
internal balance of ojwrating times from that appro- 
priate to a machine intended for processes involving 
many multiplications. But the balance of a general - 
piiqxjse computing machine can also be sjiecit'ied, an<l 
attention lo this design consideration is im|>orlHj)t. 



It has already been staled that numliers are ordi- 
'narily expressed in the machine in terms of their binarv 
representation. There are I wo quite different ways of 
handling such numbers, both of which are in use in 
machines now building. One is called I he serial meth'xl. 
the other the |>arallel method.' In serial o[)er(ition, a 
numl>cr is transmitted from one place to another in ihc 
machine a single digit at a time, until ihc entire numl»er 
is S[)elled out. In parallel operation, each digit of a 
number is transmitted on its own separate line, and :tll 
the digits of a given number are scjil simultaneously. 

.\s usual, each of these schemes has its advanlanes 
and its disadvantages. The parallel representation ts 
inherently faster, since the entire number is transmitted 
at once, while in the serial st^hemc a number is sent one 
digit at a time. On the other hand, the amount of 
equipment needed in a jiaratlel machirie is greater than 
that required for a serial machine, since in the former 
as many lines are needed for transmitting a given 
number as there are digits in the number, vvhile in 
serial operation all digits are sent successively down a 
single line. In a serial machine, e.xact timing is usually 
quite significant, since, for example, the successive 
digits of a number are distinguished from one anolher- 
by their time of occurrence. In a parallel machine, on 
the other hand, liming is unimiiortant, since the place 
of a digit in a number is disiinguishcd completely b\ 
the place at which it occurs in the machine. It is Un> 
early to say which of these schemes is the better abso- 
lutely, or the belter under certain circumstances. They 
seem today to be competitors of approximately etjual 
promise, and only further work and further develop- 
ment can determine which is the belter. 

The detailed design cd the inner, high sj'wcd, memory 
has a substantial intluence on the choice of serial oi 
parallel ojwralion for a machine. The requirements on 
the inner memory arc very simple but very challengiii); 
It must l>e able to store at least hundreds, and prefer 
ably thousands, of separate numbers or orders, and tn 
do this in such a way that each is i>crmanent and mav 
lie left stored for long periods without error, while ar 
the .same time it is accessible for transmission and usi- 
within a very few millionlhs of a secon<l. 

The earliest machines, such as the h'AT.\C, used for 
an inner memory banks of dij>-llo]> circuits, .so that at 
least one pair of iriixles was required lo store eat I 
digit of each number in the inner memory. This is sui I 
an extravagant Schcnie that not very many nundjcr- 
could be so stored ; the ]'^.\T.-\C has in its inner menniri 
a capacity of only 20 numbers or orders. 

It was clear that greater capacity of the inner memory. 
is needed for achieving proper balance in a general 
puqjose computing machine. This problem has occujiie. 
machine designers for some time, and it stil! tM'cujiit 
them. The three tyi>es of inner memory in use arc 
hrst, a rajiidly rotating magnetic drum on whiih th' 
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(tils of nunilKTs i.in ttf storrd as pallrrns of ma^' 

iiAali'iii , mtdikI. a liiltf rtint.iinitig men ury or other 

|iii(t down which th*- signals represent iiig diRils of 

initxTs tan tie scnl .i< pulses of sound , and thint, 

til rust a tic schemes ui which the digits of numbers 

re stored as i»at terns "I i harge on the face of an 

>Mttator 

It is worth iH»ti< ing ttui the magnetir drum and the 

>ni( ffeLiy hue are meth.nis of dynamic storage in the 

ense that the numlters stored rirctilate ronlinuously 

unng storage, while the electrostatic schetTie is one of 

fii*t( storage It has therefore sometimes t»een said that 

he dynamic storage metho^ls are best suitefl to a 

iiadiine of serial tvi>e. while the static storage fits 

rt'st a machine of parallel desiRn, This is only partly 

rue A dynamic storage methexl produces one digit 

ifter anotiicr, lo l>e sure, but a mulliplitalion of the 

mits uscti for dynamii >tiirage (magnetic drums, mer- 

urv delay tubes) {jermils each digit of a given numl)er 

ir order to lie entered on a separate memory unit, so 

hat the whole niimlter can l>e available at once, as it 

Tiust l)e in a parallel machine. On the other hand, 

■itntir methiKis of storage are not immeriiately suitable 

fi»r use in a serial machine, but ran t>e use<i if the digits 

>f a numl>er are read off from the Maiic storage one after 

mother. 

I,^t us now turn to a consideration of the capabilities, 
tjses, and limitations of computing machines currently 
under design or construction 

CAPABILITIES. USES, AND LIMITATIONS 
OF MACHINES 

The nature of the orders presented to a machine has 
already been mentioned What we must understand at 
this juncture is thai (he numlwr of orders a machine 
tan appreciate and act u|>on— its vocabulary —is built 
into it by its <lesigner. An analysis of the ojierations of 
arithmetic discloses that the ojieration-^ ■>( additum, 
subtraction, multiplication, and division ■ .f. U- dctined 
in terms of the elementary uj)eratinn<. -nn and 
"meet." Hut the formalism necessary for " i> reduction 
is so compliiate*! that it is more sensil.i«- to instruct 
the machine in terms of the four conventi.mal operations 
of arithmetic than it is to reduce (in programming t 
every arithmetiial o|>eraJion to its l»asi> terms as ex- 
presse<l by the m( orations "join" ami nieet," How far 
ran we profitably go in this dircclioi, ■! compti. ated 
arithmetical ojieration? Is it worth wluir for exam|>lc, 
to instruct the machine hnw to take s<(it..re roots.-* 

1 he KNfAC is so instructed. t»n a Mn^le order, the 
KM AC will Uke the square root i.t a designated num ' 
t.er But the o|KTatirm of e.xtrai ting a square ro«»l is 
etiiressible in terms of the f«mr elrmentxiry ojteraliwns 
ol .irithmeiic, and thus a matiune which does not un 
«lr«(and a one-w.-rd instruction to take a square nw.t 
. . nevertheless ntract such a r(M>t if it is prowded 
» • 3 sequence of orders designed to produce sm h a 



rrsull, by manipulations which the machine does 
un<Ierstand. 

I'his is not a trivial point. To increase the votabulary 
■t .1 machine— to increase the numl»er of single orders 
*hKh it understands— greatly comjilicates the design 
of the machine To simplify the machine by reducing 
Its vocabulary greatly complicates the business of 
programming a problem for the machine. Here, tot), a 
liataince must l>e struck; l>etween machine ctimplexity 
40' I program complexity. 

In fact, we meet here one of the major differences of 
]i*vikMwphy which has so far oi« urred in the design of 
machines. It can l>c illustrate<l by nolitini; that the 
Harvard Mark I machine is provided with a biiilt-in 
lalile of four-place Uigarithms. s«> that it has the capa- 
In 111 y lo lake the logarithm of a numlNT by looking it 
u(i in this table, The designers of other nun hines have 
aiwericd that, since reference to a table of f inn lion 
values is one of the least efTicient clement a rv oi>eraltoiis . 
jK-rformett by a machine, it is better and faster to have 
the machine calculate for itself any funcdoii value> 
nei-<ied, using the inJinite Series espres.sirig the function 
the inelTiciency of tabular reference arises lieiaus*- 
eiHier function values are storcti in the inner memor\ 
iwhiih is alreaily Unt small for proper balance in most 
lal. tiUiions, and therefore ought not to \w use»l tip f<»r 
(uoi turn tables), or else function values are storcfl in an 
outer memory, where i nnsulting them takes a very long 
time on the extremely rapi-l time-scale of the maihtne 
I'he storage of the ti>rm ol a function makes far smaller 
total demands on memory s;^>ace. and the computation 
of needed values of the fund urn is, in genera!, fat 
faster than is consultation of the outer memory to hnd 
such values Thus, in this latter jihilosophy. tables of 
[unctions are an anai hr<mism existing today only lie- 
cause not everyone interested m jierforming caliuLi. 
tions yet has .iccess to a high ,'i(>eed autnmatii digital 
computing machine. 

Of course, tlie user iif a marhinc often meets a silua- 
lion in which he must [n-rform rei)ealed ralculatmns ol 
the same kind If this caliulation is not one comprised 
in the voiabulary of the machine, it must be pro- 
grammed for the machine in terms of the elementary 
o|MTalions which .ire encompassctt in that vocabulary 
Once this is done, then the prtigram which results can 
tie |>reserve(t and iiseil again and again. Tha) is, an 
extended »omputati'tn will ordinarily c(»nsist of a 
major routine and a iiuml)er of sut>- routines, the laitet 
being of sui h a nature that they can l>e use<l, if ne<»"* 
sary, over and over again as the main computation 
progres.ses. If. for esam|)le, the machine is not designeil 
to unilersiand an instruction directing t! ttt take the 
Mjuare r«it of a numlHT, then the .square- m«»l opera - 
turn can be pri>gramme<i in terms of tlie four baM< 
.i|KTations of arithmetic. If that pr^igram is -..ived. i! 
I an l>e use<l over and over again whenever the major 
computation demands that a square ro<ji l»c taken. .\s ,i 
mat hine is use<l for extemted jwriods, the numlier of 
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Ml. h -.iii»-rmiliiii*« wliuh itn- liiiill i)|« .iml ti|p<i away 
r..r hiiuri- iw will Ih- t-Mt-mliti . iuiil it is uoi too much 
1,1 eiit-il lltiil pn^^.tniminK will thiTftiy Ih- Kreinly 
-Hi);>litti-il 

1 1 i> •,! «.HH* tHitTfsi in ii-nittan- n im\\ s|)«fil aul«»- 
iii.iii< ilicital nrmjmliitB maihiiie in itii- human hraiii. 
.iu>\ MKli olmlKlriw)tl^ havi- ofu-n U'fii mutk* in ihc 
i.;isl * Mull it ir.mi«iiris.<ti muM lie vt-ry *'.irrfully maili-. 
)r..m wliiil wi- know mrw. liw .t-mnil nt-rviius >y>trm 
.»! adiiiutls, Kit IwJiuK mt-n. t.- mhhihim-iI .4 intli\iUiii»l 
iiiiiruni< ur niTVi- iflts wliiih arc i»ti-iirt>n tU-viics like 
ttii- llili-llt'ji. Ilntttvir, num* tt-nlr.il iit-rvmis sysicm 
Ims (I'n OuHisiim! million mi- h flcninvls, while the mosl 
,,,m|iHn.U-4 .oini.uliT so f.ir Smill Iul? otiiy ;il'<-ut Icn 
ili.iusitn.l ■riiisf.ul.irtif ;i milltnn «hUh s<-]Kkralcs »om- 
IMiiiri)! maiiiiiics from hnins is must imjiurljini l't>r 
nw tiling, ii )«'rmi(-i llu- hrjin In pcrdirni its njH-ru- 
iiiins with a vrry « (nijiiili-ruttlf rcliiinlniuy, sn that a 
Liilurf iir ii Mintitt' flcnvciil of ;t smjilf <liair) "f neuroiis 
I- not im)iortitnt w u-tins ol tin* rcMilt 

Prrst'iit <l!iy mariiini"s. on ihf mlur Iwiid. o|.^rnl»; in 
,, iinitiirv wav. 'I'Ih- mat liin«- has si, fi-vv "nrurotw" that 
It must us*- i-ach as i( ii wfn- iiifalUbU'. This (»»its a 
tantivslit prfinium on rfliaUiliiy itt a lompuling ina- 
.liintv Von Soumami has t-stimalcd that, if a niai liiiif 
..I tin- priiwril rompU'viiy ami tlesign *» "'" t" ttmimit 
.rror^ m-re (r(i)iiftUly than one jkt four hours, oh llif 
a\tTattt'. tlrt-n its mdivuhtal jKirts must liavr suth a 
r*-lwltihlv I hat oiu* (allure «Riurs |>cr million million 
i-knit-ntarv oi*raiitins. ThLs is some ihoiisitml limes 
Lrllt-r rchaliilitv than lias so far W-cn arhicvwi ill ctm- 
v.-iitiotial lek-phiim- |>r;H.-liie. whert- out- failure miurs. 
..11 llic aveniKc. |ht ihousind million iijHTatii>ns. One 
of I he unanswt,'n.il iim'Stions about computing nun hines 
i> whether su* h a relialiility tan be arhievetl 

Ihi^ ()uestion has another siile. We musl ask whether 
>u. h a relialiiliiv needs tii Ik- achieved. Are there not 
method?, of .ImkiuR which »aii, a! every junrlure, pro- 
tect a machine from the loiisequences of errnn* 

Tlu' answer is that there are. Claude Shannon, in 
tiis imi>orlaiit pajH-r on the "Malhcmaliial theory of 
.omniutiuaiion," has i«)inted the way t.. a method of 
.hrikmK whiih can correct aulomalically the errors 
that mav Ipe (.mimitletl by a computer.'*' The scheme 
itivolvni whuh is due lo Hamming, requires, to Irf 
sure, that other numlwrs Iwrside those involvc<i in Ihc 
comitutalion !«■ handl.-d and iransmitted. but ensures 
thai failures in llie macliine will not affect ihe results 
..f a .ompulaliiin. In effect, the use of such a scheme 
inlrrnluces redumtancv for the s;ike of reliability, and 
thus tnovt.> the loRitiil desisn --f computing machines 
tt step neuriT the Iori, al design of the l>rain. The ad- 
vantage of Hamming's metluHl is that it provides a 
prescription for introducing the nmleti redundancy m 

»Warr*nS, MituHoch. i:t« Kill! Mt, W2 IW> . ,^ 

"(• h Slmiiiiuii nmnV..rT.-n WVave,. J'l,^ \f.al,^mfuji TUt^'ry 
M C^mm„m,.>lvm il'nivrrsiiy -l IMiii'U^ l'r.-*s, t rUni.. tlWt, 
Sectinn 17, |t ♦>*. 
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the most economical and elTicicni way. as lan I* pfove.l 
bv Shannon's ctimmunicalion i henry 

ProUtbly one of the most promising direction^ of de 
velopment now visible is this matter of evading in 
tolerable requirements f<.r reliability by suilubty i.hiJS<'ii 
means of chcikinR. Various rather siinple-minile-l 
S4 hemes f'>r diet king have Ijeen itropjsed in the jwst 
for example, to put the same problem simullaneoush 
on Iwn iii.lei>eiulcnl machine*, and then 1o compan 
the tirsidls -but the checking met hod men Honed alxive 
IS Ihc first tt» have a sounti theoretical basirs. 

Let ub return to our comj»ar!S*»n U-twetn computmi: 
machines and I he brain. The iiHlividn.d on-ofT rie 
ments of a computing machine o))eniie aliout a thou 
s:ind lirne.H faster tlian do the neurons tif the central 
nervous system This constitutes the principal sufH-n 
oriiy of computing machines to brains; in almost ever\ 
other respect the tonii»uting machines which we now 
can build arc incomiiarably inferior to the ncrvmi- 
svslcms wliiih we all jiosscss 

' We have already noticed the gre-illx su|R'nor loiii 
plexiiy of the brain. Warren Mcl'ulloch, a prole>Hot -i 
|>sychiatry al the College of Meilicine of the Ctiiversit v 
of Illinois, has observed that llie iom|>lextty of 1'- 
KM VC, the most comi>licatttl maihine yet built 
.ibout I hat of the nervous system of the ilatworm 

In terms of sjiace and iKjwer, there is no comparis..ti 
Your brain is contained in your skull, and it dis.sipate- 
less than twenty-five watts even when il is, in full 
activity Ihe KMAC, a million tinu-s less comph 
catcd. fdLs a large nxtm and uses litl kilowatt?: .a 
power. 'I'wenty kilowatts mttre are needed to run ilu 
blowers which keep it cool. 

The great liisparity iH-twcen a machine ami a bt.i 
must Ih: taken into account in preparing ,i problem i'>. 
solution on a machine. In the wortls t»f l^dy l.ovela. i 
tlic daughter of the ixicl Uyron (she was spc.ikiin; ■ 
Habbage's Analytical Knginc): "The machine i.iii 
only what we know iu>w to order it to iierfortn.'*" ii 
can' oIjcv instructions exactly, but it must have i'> 
structttiiis or it will engage in an absurdity. "I la- 
means that every possible eventuality of a complicatfl 
lalculaiion musl \w visuali^'d by Ihc human conii>iitci 
when he jirugrams the problem for the maihine, an.i 
eaih such eventuality musl be provided for in lerni^ ••( 
explicit instnictions. 

Protessjir Hartree calls this '■taking ihe mat hit.- 
eye view '" of a tompiilation. and he cites an instant t 
his own failure to do so.'- He had failed to forrs<T itic 
the argument in a trial sohition might liec.mie ticg.tttc 
since he requiretl linally a p«tsitive argument In i?" 
absence of e.xplicit inslnuliims on this ptiiiil. the m.i 
ihine "did its Iwst, ami this was somelhing iniit. 
s«-nsible according lo its structure and the hnwiid i" 
strut tions which hail l»eeji given lt> il. but quite dilli-r.-i' 
frtim the correct small extrajxiblion t.f th.jse tnttru. 

"H I' ll.ililanf lo-irrcnir .t, () 44 1 

" I> K Ilnrtrt-r Ircfi-r.-iu c 1. Srrlii.n 7 •». ]• •>! 
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iotih M Ini h a human (imipulor would make as a mallfr 
tf luiirst- " 

L"n to this iX)i(U we have emphasized, and perhaps 
iverrmphas^i/wl, the d(T?rpe to which a aimputing ma- 
hint' is dependent upon ils dPCiiletl desif^n and <»n the 
inltTs It rei elves Thr- imjiresKJon has [vnibablv been 
^iven (fyat these determine entirely the ojjeratirti) (>( ilie 
machine. All this i;- quite true, under ordinarv rircum- 
■itances, but there is amilher way ni using a marhine 
vv I li t h is worthy 1 1 f remark 

I refer to tlie s<»-ial1ed ■'MoiUe farUi" tyjw of kmii- 
putatinnJ^ Tliis niedioil replaees the exact analysis of 
t coniplicate<l problem with a Sfirt of staltstiea! ex|>eri- 
mentatioii. Thai is, utiiler [)r(j|>erly rhoscii sifeguards 
i» ensure randomness, wiUitions of the problem at han<l 
ire secured for many s[K'<ial tases, anil the results are 
I'xamined to dHcrniine ihe relative pmlmbiMty of vari- 
ous over-all )m( nrrcnies 

This will 1k' dearer in terms of a sjweitie example. 
I'he Monte (^irln tci hiiu|ue has Iwen a]>p!ied to the 
(irohlem of ueuiroti liitTusion in u scatiering ami ab- 
sorbing medium. N'eii Irons of a known energy distribu- 
tion fall on such a medium in a l>eam of known in- 
tensity; at 10 cm depth (*iyi what will be the neutron 
density ami veliKily distribution- .\i each encounter 
with a nui Iru-. .i neutron has a tertaiii chance of beioR 
ia]*tured. <»l Ik ing elastically scattered in one dire( lion 
or another, or of being inelastirally scallcreil with en 
ergy loss of some amount or other. The probabiliiir«i of 
all these events var> with the energy of the iiu iilcnt 
neutron ami are ditTereni for clifferent largtl nuilei 
(for the absorber iriay ami usually will contain more 
than one nudear tvjw k.iilir-r than weking an anah il- 
eal -itiition for till- \' Miplev problem. I'lam'^ has 
foil. m I'll the detailed i.i-' -^ i>i main indivithial ncu 
tr.Mis llimugh the aljs<»rUr, at each cm outlier with a 
nucleus determining llie outcome b\ .i^iing diie 'm 

etTetti, the .liie being suitabK loadti pro<hici- the 

probability siruiiure appropriatt ii^ rvi-nt mii- 

lenied- When thi-. tias been done !■!' . nuuiy in- 

dividual neutrons, the statist iis of ilit;i ait behavior 

presumably approaches that wlitih w t result from 

a full-dress analyiical soluiioii of the p>"'>lem. 

A high s]Krtl machine is admirablv aH.ijiied to ajiplv 
this melhiHt, fi>r its sjiced enables it lo obtain a sta- 
tistically sigriHii.iiii ^ohlme of result^ lU a reas<inably 
short time. However, if a mai hine is !•■ -U' this, tt must 
l>e instructed hcjw to gamble This is ,i. • imjihshed Ity 
providing lo the mai hine, al each .H'. 'ore where 
gambling is required. .1 raii<lom nuinU* whose size 
determines the result of the play In fa< t. m hemes e.visi 
for the generation by analytical prote,sses -and there 
I'tre by am! wiihni the machine itself -of "pseutio 
■ imlom" iiumlHT> which have all the necessary itro]»'[ 

l'l;tm, SyiiijuisHiiii oig L.trftc-Scalf DJxilal (akuUimn 
1 ■ lull. r\, JIarvaril t'liivvrsiiy iSeiiiemlnT. mivj 



ties of randomness. I) H. I>ehnier" has proposeti a 
jmrticularly elegant and useful scheme of this sort. 
The pseud Oram lorn numbers pr<Hluct'd according to 
l^hmer's prescription are easy to generate in a ma«'hine. 
m«hI meet all of the stan<iard tests for ran<lomness. After 
one has made such tests, it comes as a distinct sho<"k to 
tmd that all these iiumU-rs are divisible by 17. 

! here are giwid indications that ihe Moiile Carlo 
method may be one of the liest ways for solving partial 
differential equations on a machine C'ert.iiidy its power 
;ind scojie seem destitieil lo gn>w. 

FUTURE TRENDS IN COMPUTING MACHINES • 

1 iiere are three imiwrtant qiiestitms whit h cotnern 
the future of comjmling machinery which 1 should like 
to disrtiss. The first is: "Who is likely to ih>ss4'ss large 
high speed computing machines in the fulurei*" Some 
workers in the computing -mac hine field seem «|uitr 
IK-ssimistic about the ultimate wide availability of sut li 
maihines. on the grounds that they are comjilit ateil. 
e3!|Hnisive, and ilifiicult lo keeji in order. This is a point 
of view with which I entirely disagree. I fully e.^iieci 
tb.it a comjieleiit high sjieeil computer will very soon 
Ik- regarded as an important ami inevitable jjarl of llu- 
revarih equipment of any university having even llic 
mosi modest research pretentions. 

1 ■ i.s. the computing mai hine is lu l>e viewed not as 
imr-.ti in the lategory of the large astronomical tele- 
sco|»e, which is .1 pleas.itii but o[)tional luxury for a 
university, but rather as being in the category of the 
elec tnmuclear particle accelerator, which is a necessity 
for any university desiring to cultivate nnwlern nuclear 
physiis It is a triile surprising that so few .-Xmerican 
universities have ,me[ite<l this view; in fact, only the 
L'niversity of Illinois is presently building a machine 
on ils own funds for lis own [lurjxjses. 

Of course, the wide availability and the general a< 
ceptatice of high s[»ee(| computing maihines will in- 
greatly forwardeii by improvements in reliabtlil\ and 
reductions in eusl. Such developments can be ex|Hi ted 
lo aris«' from the 1 <inlinuei! ileveIo]>ments in iom[ioneni> 
.itid the improvemt'iii in the logii :d design of machines 

Ix't us now ask : "How large, how fast, and how coni 
jiticated should a large, high sjwed, geiier.il-pur[K)se 
lomputing machine tie?" It .seems unlikely thai ma 
I hint's more involved than the KN'l.VC will ever l)e 
built. More recent machine designs are more ambitious 
in terms of sjjeed of ojK'ration, in terms of the si/e of 
inner memory, and in terms of the general lomjjeteiue 
of the machine. In spite of this, such new mathines 
have fewer tuljes than the KNI.AC; they use these 
tolws harder, Mt iostH*ak. 1 think that the answer to the 
Hiicstion of where lodraw the line in designing a general- 
purpose computing machine is set entirely by con 

• I) U Ij-hnii-r, S\ m(K>sium un l.;ir)sc-Sialt' I)ij,'ilal t'alculnliiiit 
Maihififry. Harvari! t nivtrsily (Sfjiti-nittcr. VM<>i. 

'* b. N. Riiltrniiur, Sj in[Mismm (in l^arRc-Stali; l)l|;ital talculji 
iiiR Machinery, Harvard L'niversity <Sq)teiulifr, IWJ), 
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si(lrr;iti<iiis of ri'liahiliu . Tliat is, a lar^jc jfciu-ral- 
tttir]K)!>f iti:i('liii)f ou^ht til )tc as liig uiuj <<)ntiilicate(l 
iinri n»m|ifU'tit as il tan !»• made, sultjci t to ihv limita- 
tiitti that it miisl not coniniii an ("rror of if tier than t>me 
every ivw liour> TlitTf in im otlitT Mf;nitii.ant limitation 
•111 ihf tiital iimiplexity t>( tht* fifvite. Uir the niaihines 
whit li are iitv» in <lesif;it itr iimslniition are still ifuite 
inaik-'iuate Im ileal with many |iroli!i'rns whiili we should 
like to ))iit til them. 

One ^iui]ile exampli- is KmUtned in a remark iif 
Hartree. iiunlet! tit me li\ I'rufessur Aiken. Hariree suiif 
lluil the fastest (i>m|niiin)r mat hine available liMiay is 
still t')t( sluw liy a tuctiir uf tH'" to sulve the [iniliSem ol 
the «iue erjuatiDii lor llie i opjK-r atom. Similarly, the 
|>ei)|)le who are ilesiginnK lite air tralVu euntnil plan 
(iir the (tiunlry are propusing to put Kimpiilers in key 
liHuli'iiis iin the airways of the tcujiUry, to hainlle the 
pnililfitis 111 vol veil in air trallit lonirtil. I'reliminary 
eNtimates nf the st tijie uf tliesA- pnililenis have iniln ated 
that present-day mat hiiies will \^e severely l.ixed tn 
deal even with the vnUinie of air tralfii that e.'(isi> 
tiiday. 

We want, therefore, In make luinputiii}; itiathines as 
large and as i mnplii'ated as we i.iii, fur the most am- 
huious mat lime whieh we tan realue IikIuv' is (wwer 
)c!t,*i in the faee of prolilems that we tan readily )H(se, 
Init not yet solve 

This lirings us Itt my hnal ((uestiun: "Hnw- ran a 
mmputing machine l>"' made mure relialde, s" that its 
iiinifilevity I an lie intreascl withnut inereasin); the 
» hance of failure i""' Mtiih of the answer to this tjiieMtum 
will dejieiid on the further development and the elahofa- 
tion of lite {heikiiig st.heines wliiih liave already lieen 
referretl t«> However, the ulivious way to irurease the 
over'-all relialiility of present-day mjuhines is to liHtk 
iowani as ionij>lete as possilile an elimination from suih 
mat liines uf vai iium tiiliesand elei troniei haiiit al relays. 
These two tomjKdienls are present K the major souries 



of failure in existing mathines, [jartly luftause they are 
so numerous, and ]>artly I^Hause they wear out with 
continued use. We need romputing elements that ran 
[>frfi)rm the same non-linear functions as Ihtise we now 
ailiievc with tubes or relays, hut elements whiiti are 
far less prone to dcpretiatuin in use. 

The vacuum tulie alsu has the liisadvantuKe that ii 
re[|uires Urge amounts of standby fwiwer. Mcfullo" h 
has reinarketl that, if a machine Iniili on present pnn- 
t ipli's were lo have-as many neurons as does the brain, 
it wtiultl require a skystrajier to house it, the jttiwer of 
Ni.Lgara lo light its IuIk-s, and the full llovv of water ovVr 
ihe lalls to keep it cotil. 'I'here are iiuw visible seveml 
tievelopments winch promisi! to conv)*ele with tin 
vacuum tulie for this aiul other purjioses. lirst, semt- 
conductor <levues i>f the ty\K of the transistor seem to 
have great promise. Second, magnetic devices like those 
rejn tried by the H.irv.ird group at the Sejitendier ,sym 
|Kisium lintd out the Iiojk' t)iat (hey can serve in the 
pl.ue of iuIr's, with mui h greater reliability ai»rl mlhovit 
ref|Uiring power." Finally, the tiiMiicering work ot 
llowman" on eleclrochemi* al t-lements for lompittets 
otTiTs a substantial promise in tins sinu- direi tion 

I'robably there is no more rewarding tliret tiun foi 
lomputer ilevelopment tli.m to explore the possiliilities 
of using utti onveiiiional elements in the design of such 
machines. If the vacuuni tulic can lie replaced witii .1 
eheaiKT. simjiler, and more ilurabie devite. then the 
over-all comiK'ieme of practicable com|)Uters can U 
greatly increased Such a de\eio[imenl will hrnig in it> 
tram a greater availability hir vtmipuLers of the present 
sort, and a wider general use of cuni|)ulitig mathines of 
all kinds. 



" \\ ay Dtmi! W iwt, SytiipuMUtn mi I,4irj;c State DiKitnl ( :tti ul.i' 
ins MaihiiiiT>. il.trviirit t'tiivcrMiv iSfpii'dilirr, |iJ4fH 

" J K Jl'iuni.iti, Svmimsiuin iiii l4»r);i' Sinlc Iit^itril ( iiUiiUi 
iiift .Machmrry. Ilarv;iril I'liivrrsUy (Sc{>trM)lwr, 1V4*J 
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